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Abstract. It is of great interest to connect cosmology in the early universe to the Standard
Model of particle physics. In this paper, we try to construct a bounce inflation model with
the standard model Higgs boson, where the one loop correction is taken into account in the
effective potential of Higgs field. In this model, a Galileon term has been introduced to
eliminate the ghost mode when bounce happens. Moreover, due to the fact that the Fermion
loop correction can make part of the Higgs potential negative, one naturally obtains a large
equation of state(EoS) parameter in the contracting phase, which can eliminate the anisotropy
problem. After the bounce, the model can drive the universe into the standard higgs inflation
phase, which can generate nearly scale-invariant power spectrum.
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1 Introduction
It has been proven that both the Hot Big Bang (HBB) theory and inflation theory [1–3] (see
also [4–6] for early works) suffer from a gravitational singularity problem [7–10]. In these
theories, the universe has to start from a spacetime singularity, where all the observables such
as temperature, density and so on, become infinite. However, there are many possibilities
to obviate these problems, one of which is to have a "bounce" before inflation in the early
stage [11–13]. In such a bouncing universe [14], the scale factor first decreases, and then after
reaching its minimal value at the bounce point, it increases, making the universe expand as
is observed. As long as the minimal value of the scale factor is larger than 0, the singularity
will be avoided.
According to the Singularity Theorems, to construct a bounce before inflation, we always
have to violate the Null Energy Condition(NEC) if we still restrict ourselves to General
Relativity in 4D space-time [11, 13]. The NEC can be expressed as Tµνnµnν = ρ+p ≥ 0 where
nµ is any null vector and ρ and p are the energy density and pressure of the universe, implying
that the Equation of State (EoS) parameter w ≡ p/ρ has to be larger than −1. However the
bounce requires H = 0 and H˙ > 0 at the bouncing point, making the EoS parameter below
−1 at least at the bounce point. Moreover, after the bounce the EoS parameter has to go
back to above −1, in order to connect with the observed expanding universe. This requires
the EoS parameter be cross the w = −1 boundary in the bounce model [15].
The crossing behavior of the EoS parameter can be realized in Quintom models, which
have been proposed in the early paper of [16]. The Quintom model has first been considered
as a model of dark energy, and there have been Quintom models of double-field [16–18],
higher-derivative single field [19–21] and many other models. Later on, Quintom has been
applied to bounce models, e.g., see investigations on double-field bounce models in [22–25],
higher-derivative single field bounce models in [26–32] and nonminimal coupling field bounce
models in [33]. More comprehensive studies on Quintom models are presented in the reviews
[34, 35].
The phenomenology of bounce inflation scenario has been studied in [36–38]. However,
one of the potential problems in realistic model building is the anisotropy problem [39–
42]. Consider even very small anisotropy of space-time in the initial time of the contracting
phase, they will grow proportional to a−6 and will in general dominate the universe’s total
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energy density, thus the cosmological principle will be destroyed and the space-time cannot
be described by the FLRW metric, thus the universe may collapse into a totally anisotropic
one instead of bounce and enter into an expanding one. One of the most elegant ways to
avoid the anisotropy problem is to let the total energy density dominated by some background
component rather than the anisotropies, which requires the background evolving with an EoS
parameter larger than +1(see Ekpyrotic models [43], or other nonsingular bounce models like
[29]).
It is known that in the Standard Model of particle physics, the only basic scalar particle
that has been found in laboratory is the Higgs boson [44, 45], therefore it is of great interest
to ask whether the Higgs field can be connected to early universe cosmology. In the literature,
Higgs field has been eagerly studied in cosmology [46, 47], and in particular, see [48–70] for
the trial to build inflation models with Higgs field, which is proved to be quite economic and
predictive, and see [71–76] for using Higgs as curvatons. In this paper, we try to use Higgs
field to build a bounce inflation model.
The first step to have a bounce inflation scenario is to provide a contracting phase with
large EoS parameter, in order to avoid the anisotropy problem. As can be seen below, a large
EoS parameter can be obtained by a scalar field with a negative potential. For the Standard
Model Higgs field, if we consider loop corrections the effective potential can be made negative
at the energy range of 1010 − 1012 GeV, but by considering the uncertainty of top quark
mass and the strong coupling constant, the Higgs self-coupling constant can be negative near
the Planck scale [77, 78]. Next, in the bounce region, since the standard Higgs field itself
cannot violate NEC and trigger the bounce, we introduce a Galileon [79–83] term which
contains high-derivative operator, such that the bounce can not only occur, but also without
any ghost modes [26–30]. Finally, the Higgs field will drive a period of inflation, which can
generate a scale-invariant power spectrum to meet with the data. After inflation, it will fall
into the minimum of its potential and oscillate, so as to reheat our universe. Note that in the
work [84], we have constructed a matter bounce [85] cosmological model by using the same
Higgs effective potential we are using here, it’s pointed out in a matter bounce universe the
scale-invariant power spectrum can be generated in the contracting phase [86, 87].
Our paper is organized as follows: in Sec. 2 we study the bounce and inflation scenario
realized by our model. In Sec. 2.1 we give a overview of the Higgs trajectory; in Sec. 2.2
we show our calculation results in the contracting phase; in Sec. 2.3 we show the cosmology
near the bounce point; in Sec. 2.4 we show the slow-roll inflation we have got and the values
of cosmological observables in our model. In Sec. 3 we show that our model is stable. And
in the last section we make our conclusion. In the whole text, we take the reduced Planck
mass scale Mp ≡ 1/
√
8piGN = 1, in which GN is the Newtonian gravitational constant, and
the sign difference of the metric to be Landau-Lifshitz type (+,−,−,−).
2 The Higgs Bounce Inflation cosmology
In this paper, we will start with the following action
SJ =
∫
dx4
√−g
{
−M
2
p
2
A(h)R+ Lh
}
, (2.1)
Lh = c(h)
[
hXh+ γX2
]
+X − V (h) ,
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where h is the Higgs field, the functions in the Lagrangian are:
A(h) = 1 + ξ
h2
M2p
, (2.2)
V (h) =
1
4
λh4 − b ln
(
h2
Λ2
)
h4 + g
h6
M˜2
,
c(h) =

α
M4p
, if |h− hB| < δ
0 , if |h− hB| > δ
, γ ≡ β
α
,
and
X ≡ 1
2
gµν
∂h
∂xµ
∂h
∂xν
(2.3)
is the normal kinetic term.
Here several comments about the functions in (2.2) will be in order. First of all, we
have introduced a non-minimal coupling function A(h), since we hope our model to inherit
the success of Higgs Inflation model [49]. In Higgs Inflation model, the nominimal coupling
between the SM Higgs field and the gravitation field is introduced to avoid the large tensor-to-
scalar ratio. Next, we suppose the Higgs Lagrangian has a G-function term and a nonstandard
X2 term, which will be useful to get a bounce even without introducing ghost modes. However,
if these two operators always exist during the whole evolution, the kinetic term of the Higgs
field will become more and more important, driving the universe into a big rip singularity
[26, 27]. In order to solve the problem, we simply put a delta function c(h) in front of them.
The delta function c(h) requires those two terms only dominate the Lagrangian when the field
is near the bounce point hB, with δ the width. At last, for the potential, one can find that
the first term of V (h) in (2.2) is nothing but the potential of the standard model Higgs field,
where since we’re talking about physics beyond GeV scale, we neglected the terms related to
its value of expected vacuum (vev). However, we add two more terms to the potential. One
is the one-loop correction from top quark, we make use of the analytical formula of Coleman-
Weinberg potential [88–90]. The other is the dimension-six Higgs self interaction term, which
may come from many quantum gravity theories [91] and other theories [92].
In this model there are 8 parameters in total. The tree level self-coupling constant λ has
been measured by particle physics experiments [44, 45]. The parameter b can be calculated
for various particles which can give loop-corrections to Higgs potential with the cut-off scale
Λ. In SM, the largest contribution comes from top quark loop-correction, so in this paper we
simply neglect couplings to other particles, and it is just such fermion-Higgs loop-correction
makes the Higgs potential to be negative. The parameter ξ in the nonminimal coupling term
describes the coupling strength between the Higgs field and the gravitational field [49], while
the introduction of functions c(h) will give us two more parameters, which we denote as α and
β later. Finally, the parameters g and M˜ describe the new physics when the field approaches
Planck scale.
In our numerical calculation,we will get a bounce inflation solution by taking the follow-
ing parameters
λ = 0.129 , b =
3g4Y
64pi2
, gY = 0.995756 ,
ξ = 3× 105 , α = 9.6× 103 , β = 3.84× 104 ,
Λ = 2× 10−2Mp , g = 3× 10−4 , M˜ = 1Mp . (2.4)
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Figure 1. (Color plot.) The Higgs effective potential we have taken in this paper. The blue
triangle shows the initial location of h. There are two vacuums: one is the true vacuum located near
h = ±7.5Mp, the other is the false vacuum at h = 0. Part of the potential is negative due to the
Fermion-loop correction. The zoomed-in plot: a closer look, the red triangle is the bounce point. In
our numerical calculation, the bounce zone where c(h) becomes the dominated part is near 0.57Mp,
and the slow-roll inflation happen when the Higgs field changes its value from 0.0093Mp to 0.0014Mp.
In Figure 1, we illustrate the potential we have used in this paper, the blue triangle
stands for the very beginning location of h and the red triangle stands for the bounce point.
We can see there are two vacuum points, one is the true vacuum near the point h = ±7.5Mp,
and the other is the false vacuum at h = 0. Taking the h > 0 half as an example, there is
a peak around h = 0.5Mp, and a zero point around h = 0.65Mp. As will be seen later, the
bounce point(the red triangle) is set at the middle between the peak and the zero point, i.e,
near to h = 0.57Mp. So after the bounce, the Higgs field needs to climb the hill to go across
the peak at h = 0.5Mp, and then falling down to pass through the slow-roll zone, finally
oscillates around the h = 0.
Rather than in its original Jordan frame, it is convenient to study the model (2.1) in
its Einstein frame. To do this, we conduct conformal transformation to translate the Jordan-
frame action to the Einstein-frame action. The two frames are connected through
g˜µν = Ω
2(h)gµν , (2.5)
where gµν with and without tilde denotes metric in Einstein and Jordan frame respectively,
and here we set Ω2(h) = A(h).
We can write down the action in Einstein frame:
SE =
∫
dx˜4
√
−g˜
{
−M
2
p
2
R˜+
6ξ2
M2p
h2X˜A−2(h) + X˜A−1(h)− V (h)A−2(h)
+c(h)
[
X˜h˜h− 4ξ
M2p
h2X˜2A−1(h) +
β
α
X˜2
]}
, (2.6)
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in which
X˜ =
1
2
g˜µν
∂h
∂xµ
∂h
∂xν
, (2.7)
˜h = g˜µν
[
∂2h
∂xµ∂xν
− Γ˜αµν
∂h
∂xα
]
. (2.8)
In the following parts of this paper, we’ll use the definition
f˙ ≡ df
dt
, f ′ ≡ df
dt˜
(2.9)
to denote the time derivatives. Therefore, the Friedmann equations as well as the continuity
equation of our model in Einstein frame (2.6) can be written as:
H2 = 1
3M2p
ρ, (2.10)
H′ = − 1
2M2p
(ρ+ p) ,
ρ′ + 3H (ρ+ p) = 0,
in which H ≡ da˜/(a˜dt˜), and a˜ ≡ aΩ(h).
2.1 A short overview of the Higgs trajectory
To be more clear, we’d like to give a short overview of the Higgs trajectory. Below we
summarize according to three phases:
• the contracting phase. The initial conditions are taken when the universe is contracting,
the Higgs field is located at the blue triangle in Figure 1, with a leftward velocity. The
Higgs field will run leftward from the blue triangle to the red triangle.
• the bouncing phase. Near the bounce point, the universe bounces to the expanding
phase while the Higgs field is running across the bounce point(the red triangle).
• the expanding phase. After the universe goes into the expanding phase, the Higgs field
runs leftward further, goes across the slow-roll zone, finally oscillates around the point
of h = 0.
2.2 Contracting Phase
In our model, the universe begins from a contracting phase. Due to the delta function c(h),
the second line of action (2.6) will not appear in the contracting phase, so the Lagrangian
can be written as
SE =
∫
dx˜4
√
−g˜
[
−M
2
p
2
R˜+
6ξ2
M2p
h2X˜A−2(h) + X˜A−1(h)− V (h)A−2(h)
]
, (2.11)
and the energy and pressure of Higgs field are
ρ = A−2(h)
{(
1 + ξ
h2
M2p
+ 6ξ2
h2
M2p
)
h′2
2
+ V (h)
}
, (2.12)
p = A−2(h)
{(
1 + ξ
h2
M2p
+ 6ξ2
h2
M2p
)
h′2
2
− V (h)
}
, (2.13)
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while the equation of motion for the Higgs field h is:
h′′ + 3Hh′ + 1
2
[
−2A−3(h)
(
1 + ξ
h2
M2p
+ 6ξ2
h2
M2p
)
∂A(h)
∂h
+A−2(h)
(
2ξh
M2p
+
12ξ2h
M2p
)]
h′2
−2A−3(h)V (h)∂A(h)
∂h
+A−2(h)
∂V (h)
∂h
= 0 . (2.14)
We set the initial conditions such that the Higgs field is located at the blue triangle in
Figure 1 with a leftward velocity. Since the potential is negative (from Figure 1), the EoS
parameter turns to be larger than 1. A nonzero velocity is required to guarantee the positivity
of the total energy density, and a leftward velocity (which is negative) can make the Higgs
field climb up along the potential (whose value is decreasing).
Since initially we are in the region where we have ξ(h/Mp)2  1, here ξ is set to be a
large value in Eq. (2.4), we can use the approximation:
A(h) ' ξ h
2
M2p
, 1 + ξ
h2
M2p
+ 6ξ2
h2
M2p
' 6ξ2 h
2
M2p
, (2.15)
thus Eq.s (2.12), (2.13) and (2.14) can be simplified as:
ρ '
(
ξh2
M2p
)−2(
3ξ2h2
M2p
h′2 + V (h)
)
, p '
(
ξh2
M2p
)−2(
3ξ2h2
M2p
h′2 − V (h)
)
, (2.16)
h′′ + 3Hh′ + 6M
2
ph
′2
h3
+
2M4p b
ξ2h
+
2gM4ph
ξ2M˜6
= 0 . (2.17)
Since V (h) is negative at the initial point, the only constraint on the initial conditions is from
the requirement of the positivity of energy density ρ. From Eq. (2.16) and the expression of
V (h) in (2.2), this requires
h′i < −
Mp√
3ξ
√[
b ln
(
h2i
Λ2
)
− λ
4
]
h2i − g
h4i
M˜2
. (2.18)
It is difficult to solve the nonlinear differential equation (2.17) analytically, so we conduct
numerical calculation. We solve the cosmological equations (2.10), and show the evolutions
of the Higgs field h, the Hubble parameter H as well as the EoS parameter w in contracting
phase in Figures 2 and 3. In our numerical calculation, one can see that we are starting
with a contracting phase with a negative Hubble parameter. The value of h decreases, which
means the Higgs field is moving leftwards along the potential with a negative velocity. The
EoS parameter is only slightly larger than unity, which means that the kinetic energy is much
larger than the potential energy, mainly because of the large prefactor 3ξ2h2/M2p in front
of the kinetic energy in (2.16). One can also see that the Hubble parameter becomes more
and more negative. Although for the Higgs field of the form (2.11), H′ = − 1
2M2p
(ρ + p) is
negative definite where ρ and p are given in Eqs. (2.12) and (2.13), as can be seen in the next
paragraph, the involvement of the Galileon term will make H′ > 0, so that the bounce can
be triggered. Moreover, the final values of h and h′ at the end of the contracting phase can
also be evaluated, which are:
h− = 0.5694Mp , h′− = −0.04391M2p . (2.19)
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Figure 2. The evolution of Higgs field h and its time derivative with respect to t˜ in the contracting
universe. We choose the parameters as in (2.4), and the initial conditions of h and h′ are hi =
7.5321Mp, h′i = −2.5096× 10−4M2p .
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Figure 3. The evolution of the Hubble parameter H and Higgs EoS parameter w with respect to t˜
in the contracting universe. The same parameters and initial conditions have been chosen as in Figure
2.
We’d like to make some discussion about the initial conditions of hi and h′i. They are
fine-tuned to get a nonsingular bounce and a slow-roll inflation. We argue that h′i shouldn’t
be too small, or the Higgs field cannot roll into the false vacuum around h = 0, but will fall
into the true vacuum around h = 0.75Mp. Also it is shouldn’t be too large, since a large
velocity will not lead to slow-roll inflation after the cosmological bounce.
2.3 Bouncing phase
It has been shown in the paragraph above that an anisotropy-free contraction can be real-
ized with the Higgs field action (2.11). However, in order to trigger the bounce after the
contraction, extra terms such as the Galileon term in (2.6) have to be applied. Since the
Galileon term contains acceleration of the field, thus in usual G-bounce models, once the
G-term dominates the whole Lagrangian, it will grow larger and larger, and it will be very
difficult to force the Galileon term to sub-dominant again, thus would lead to a faster and
faster expansion of the universe and a big rip singularity. This problem can be evaded if we
insert a delta/peak-like factor in front of the G-term in order to suppress after bounce, this
idea has been used in earlier works[28, 30, 32]. In this paper we consider the factor c(h) to
– 7 –
be as Eq. (2.2). Therefore, near the bounce point, the Lagrangian can be written as
SE =
∫
dx˜4
√
−g˜
{
−M
2
p
2
R˜+
6ξ2
M2p
h2X˜A−2(h) + X˜A−1(h)− V (h)A−2(h)
+
α
M4p
(
X˜h˜h− 4ξ h
2
M2p
X˜2A−1(h)
)
+
β
M4p
X˜2
}
. (2.20)
We write down the resulting energy and pressure as:
ρ = ρk + ρp + ρe , (2.21)
p = pk + pp + pe , (2.22)
where we have divided the energy density and pressure of the Higgs field into its normal
kinetic part, potential part and extra part (the second line of the action (2.20)). Therefore
we have:
ρk =
{
h′2
2
+
3ξ2
M2p
h2h′2A−1(h)
}
A−1(h) , (2.23)
pk =
{
h′2
2
+
3ξ2
M2p
h2h′2A−1(h)
}
A−1(h) , (2.24)
ρp = V (h)A
−2(h), (2.25)
pp = −V (h)A−2(h), (2.26)
ρe = −3αξ
M6p
h2h′4A−1(h) +
{
3Hh′3h− h
′4
2
}
α
M4p
+
3β
4M4p
h′4 , (2.27)
pe = − αξ
M6p
h2h′4A−1(h) +
{
−hh′2h′′ − h
′4
2
}
α
M4p
+
β
4M4p
h′4 . (2.28)
We have numerically solved Eq.(2.10) again, and find that a nonsingular bounce does
happen. At the bounce point, the total energy is zero, which we have found in our numerical
calculation to be because of the cancelation between ρe and ρk, which dominate the total
energy density in this phase, while the potential contribute very little to the energy. We
present the relationship of ρk, ρp and ρe in Figure 6. We can see that the energy is canceled
between ρk and ρe, while the potential is rather small and can be safely omitted. This means
after the bounce the Higgs field will be fast rolling, leading to a decrease of the power spectrum
on large scale.
In Figures 4 and 5, we plot the evolution of the Higgs field h and its time derivative h′,
the Hubble parameter H as well as the EoS parameter w in the bounce region. In order to
keep the continuity of the evolution, in this region we choose the initial condition of h and
h′ to be their final values in the contraction phase, namely Eq.(2.19). From the plots we can
see that the Hubble parameter can transit almost linearly from a negative value to a positive
value, indicating that a bounce occur. Moreover, the EoS parameter of the Higgs field is much
smaller than −1, which means a violation of the NEC. Furthermore we can see that, after
the bounce, the Higgs field has a negative velocity, so it will climb the potential hill towards
– 8 –
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Figure 4. The evolution of Higgs field h and its time derivative with respect to t˜ during the bounce.
We choose the parameters as in (2.4), and the initial conditions of h and h′ are hi = h−, h′i = h′−.
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Figure 5. (Color plot.) The evolution of the Hubble parameter H and the Higgs EoS parameter w
with respect to t˜ during the bounce. The same parameters and initial conditions have been chosen as
in Figure 4. The EoS parameter around the bounce point has been zoomed in.
the false vacuum. As it is climbing, its velocity will be decrease for two reasons: the first is
that some of its kinetic energy density is transferred to potential energy, the second decrease
is due to the friction effect of a positive Hubble term in the equation of motion. This velocity
decrease will make the kinetic energy of Higgs fall below the potential energy, driving the
Higgs field to experience a slow-roll inflation after the bounce. The final values of h and h′
at the end of the bouncing phase can also be evaluated, and they are:
h+ = 0.56934768Mp , h
′
+ = −0.04390701M2p . (2.29)
2.4 Expanding phase
After the bounce, the universe goes to an expanding phase. Due to the delta function c(h), the
G-term disappears again, so the Lagrangian is just the same one as shown in Eq.(2.11). In this
period, we still use the continuity condition of the Higgs field and its derivative to determine
the initial conditions, namely the evolution starts with h and h′ to be as in Eq.(2.29). Now
the Higgs has climbed over its maximum, it falls down to the false vacuum in the center, only
the first term in V (h) dominates, so V (h) becomes the same as the normal Higgs potential
without corrections. In the expanding phase with such a potential, the evolution will be
– 9 –
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Figure 6. (Color plot.) Energy components in the contracting universe. The same parameters and
initial conditions have been chosen as in Figure 4. We can see that the total energy is dominated and
canceled by ρk and ρe, while ρp is negligible.
attracted to a slow-rolling one with tiny h′. The equations for ρ, p and the EoM should be
the same as Eq.s (2.12), (2.13) and (2.14), however, different from the contracting phase,
the slow-roll condition can be applied which greatly simplifies our calculations. The slow-roll
conditions yield:
3Hh′ ' −∂(A
−2(h)V (h))
∂h
' λM
6
ph
3
(M2p + ξh
2)3
, 3M2pH2 ' A−2(h)V (h) '
λM4ph
4
4(M2p + ξh
2)2
(2.30)
where by using the approximation ξh2/M2p  1 and the specific value in (2.4), one can
determine the Hubble parameter during inflation:
Hinf '
√
λ
12
Mp
ξ
' 3.456× 10−7Mp . (2.31)
To do slow-roll analysis, we’d like to redefine a new scalar field χ to get simpler equations
dχ
dh
≡
√
Ω2 + 6ξ2h2/M2p
Ω4
, (2.32)
then the potential reads
U (χ) = V (h(χ))A−2 (h(χ)) . (2.33)
Defining the slow-roll parameters
 =
M2p
2
(
U,χ
U
)2
, η = M2p
U,χχ
U
, (2.34)
and using the condition f = 1, one can solve for the final value of h:
hf = 0.0006Mp, (2.35)
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it deviates a little bit from the numerical solution hf = 0.0014Mp . Moreover, the e-folding
number N can be calculated through:
N =
1
M2p
∫ χi
χf
U
U,χ
dχ. (2.36)
Therefore using our initial condition (2.29) as well as the final value (2.35), one can evaluate
the e-folding number of the inflation phase in our model, N = 59.4.
We can also briefly estimate the perturbations that could be obtained in our model. If
we neglect the effects from bounce and contraction phase, i.e., we focus on the perturbations
which are only generated in the inflationary phase, thus, from [93], the scalar and tensor
power spectra can be found as:
Pζ =
U (χ)
24pi2M4p 
, PT =
2U (χ)
3pi2M4p
, (2.37)
and the two very important observables—the index of power spectrum and the tensor-scalar
ratio are:
ns ≡ 1 + d lnPζ
d ln k
∼ 1− 6+ 2η , r ≡ Pζ
PT
∼ 16 (2.38)
which are the standard results. Of course one should also take into account the effects from
the bounce or contraction phase. However, as has been demonstrated in [32, 36], for bounce
inflation model with w > 1 in contracting phase, even some of the large scale fluctuation
modes will be generated before bounce, they will not exit the horizon. Therefore it will only
bring some mild corrections on the spectrum, such as some oscillating behavior, but will
not alter the result too much. For fluctuations on very large scales that exit the horizon
before the bounce, blue-tilted primordial spectrum will be obtained, which can suppress the
CMB TT spectrum, but most of them can only be observed by future observations. The
detailed analysis of the perturbations of our model including the pre-inflationary effects will
be performed in our coming work.
In Figures 7 and 8 we numerically solve the evolution of h, h′, H as well as w in the
expanding universe. We can see from the figures that after the bounce, the Higgs field will
soon be attracted into a position of h ' 0.0074Mp, h′ ' −2.33× 10−12M2p . Because of such a
tiny velocity, the field slowly rolls down to the false vacuum of the potential, driving inflation.
During inflation the Hubble parameter is nearly constant with the value about 3.69×10−7Mp,
consistent with the analytical result (2.31). Moreover, its EoS parameter w is almost equal
to −1. After the time at 1.6 × 108M−1p , all the quantities begin to oscillate, which implies
that the field has reached the false vacuum and the universe enter the reheating phase. From
the plot we can also get that the e-folding number is N ∼ H ·∆t˜ ' 58, which is consistent
with our analytical result (2.36).
Our solution gives a tensor-scalar ratio r = 1.2×10−5 and power index ns = 0.84. In our
model, there are only two parameters, the cut off Λ and the non-minimal coupling constant
ξ, which are relevant to inflation. We have scanned the parameter space without finding the
right number of ns which is needed by observation. In fact, a inflation model with λh4 plus
a Coleman-Weinberg type potential can not generate the right number of ns = 0.96 if Λ is
smaller than Mp.
However, we expect that the potential exists which yields a bounce inflation model and
generates the right r and ns. The conditions of cosmological bounce is ρtot = 0 and the NEC
is violated at the bounce point. In our model, they are satisfied since ρk and a negative ρe
– 11 –
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Figure 7. The evolution of Higgs field h and its time derivative with respect to t˜ in expanding
phase. We choose the parameters as in (2.4), and the initial conditions of h and h′ are hi = h+,
h′i = h
′
+.
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Figure 8. The evolution of the Hubble parameter H and Higgs EoS parameter w with respect to t˜
in expanding phase. The same parameters and initial conditions have been chosen as in Figure 7.
dominate the total energy density(and pk and pe dominate the total pressure) near the bounce
point, and ρk + ρe ' 0, pk + pe < 0. It turns out that the Higgs potential is irrelevant to the
existence of a bounce, since it contributes a negligible amount to the energy and the pressure
near the bounce point. On the other hand, the Higgs potential is absolutely relevant to the
existence of a successful Higgs inflation model. So the conditions of inflation and bounce
are independent with each other. According to Planck’s newest constraint on inflation[94],
the non-minimal coupling Higgs Inflation Model still survives. So our model could be an
oversimplified type of Higgs Bounce Inflation model, after we deal with the Higgs effective
potential thoroughly, we’d get the right number of r and ns. We won’t do this in this paper,
since we’d like to take the virtue of analytic formula of the Coleman-Weinberg potential, and
to show how we get the bounce clearly without paying too many attentions on the details of
the complete form of the Higgs effective potential.
In Figure 9 we show the power spectrum generated during the expanding phase. The
vertical dotted line denotes the pivot scale, which has been taken as 0.002Mpc−1 following
Planck’s paper[94]. We can see that there is a peak on large scale, we point that out it comes
from the fast-roll period before the slow-roll inflation. Notice this kind of fast-roll can explain
the small l anomaly in CMB observation [95–101].
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Figure 9. The power spectrum generated in expanding phase. The same parameters and initial
conditions have been chosen as in Figure 7. The dotted vertical line shows the pivot scale, which is
taken as 0.002Mpc−1[94].
3 Stability analysis
Following [102], we can write down the quadratic action
S(2) =
1
2
∫
dτ˜dx˜3z2
[
G (∂ζ/∂τ˜)2 −F (∂ζ/∂x˜)2
]
, (3.1)
in which ζ is the curvature perturbation in unitary gauge(in this gauge we have δh = 0),
c2s ≡ FG is the sound speed square, and
z =
a˜h′
H− α
2M6p
hh′3
, (3.2)
F = − 2α
2
M10p
h2X˜2 − 8αξ
M6p
h2A−1(h)X˜ +
2β
M4p
X˜ +
2α
M4p
h
(
h′′ + 2Hh′) (3.3)
+
6ξ2
M2p
h2A−2(h) +A−1(h),
G = 6α
2
M10p
h2X˜2 − 24αξ
M6p
h2A−1(h)X˜ +
6β
M4p
X˜ − 4α
M4p
X˜ +
6α
M4p
hHh′ (3.4)
+
6ξ2
M2p
h2A−2(h) +A−1(h).
To be a successful model, there should not exist ghost instability or gradient instability
during the evolution. The ghost instability happens if the coefficient of time derivative G
becomes negative, and the gradient instability happens if the sound speed square c2s becomes
negative. Since both the formulae of G and c2s are quite complicated to see their sign, we have
done numeric calculation and show the results in Figure 10. We find during the evolution,
G is always positive, so our model is ghost-free. For c2s, it equals +1 in both contracting
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Figure 10. (Color plot.) The evolution of G and the sound speed square. We have zoomed in the
curves around the bounce point.
phase and expanding phase, this can be read from Eq.(3.3) and Eq.(3.4) when both α and β
vanish, since we have used the delta function c(h) to make them nonzero only near the bounce
point. However, when the universe bounce, c2s becomes negative (see the zoomed in plot at
the down panel of Figure 10), so there is a brief gradient instability near the bounce point.
This kind of brief gradient instability also happen in similar Galileon bounce models such
as[26, 30, 32]. There are lots of discussions about it, in [30] the authors point out this brief
gradient instability could be the hint to show the condition of δh = 0 in the unitary gauge is
violated near the bounce zone. Also, the model under consideration is not UV complete but
phenomenologically constructed from the perspective of effective field viewpoint. This issue
remains open in the study of nonsingular bounce cosmology by making use of field theory
models.
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4 Conclusions
As the last found standard model particle and the only scalar particle, the Higgs boson
attracted more and more attention. Using the Higgs field, people are able to construct many
models to explain early universe physics, such as bounce inflation. The bounce inflation
scenario aims at avoiding the Standard Big-Bang Singularity by adding a nonsingular bounce
before the inflation period. Thus it requires NEC violation and Quintom-like matter. By
introducing a higher-derivative term into the Higgs action, it is possible to realize a bounce.
Moreover, an anisotropy-free bounce requires the EoS parameter to be larger than unity in
contracting phase, which is realized if the Higgs potential is negative in that period. By taking
into account loop-corrections introduced by the interactions of Higgs with fermions such as
the top quark, the Higgs effective potential can become negative.
In our model, this Higgs field starts from where the potential energy is negative, with
a leftward velocity in order to guarantee that the total energy density is positive. In the
contracting phase, the Higgs field will move leftwards and climb up along the potential. Since
the potential is negative, the EoS parameter in the contracting phase will be larger than
1. Along with the evolution, the velocity gets larger and larger. At some point when the
G-term is triggered, it becomes possible to violate the NEC without ghost mode, thus makes
the universe bounce into an expanding phase. At the same time, the Higgs field evolves to a
position near the local maximum of the potential. After the bounce, the Higgs field falls down
along the potential to its false vacuum at the center, and the G-term disappears due to the
delta function like prefactor c(h). In the expanding phase, the evolution is quickly attracted
to the solution with tiny velocity of the field, so the field slowly rolls down the potential,
driving inflation of nearly 60 e-folds as in usual Higgs inflation. After the field reaches the
false vacuum at the center of the potential, it becomes oscillating and reheats the universe.
Our numerical calculation has been divided into three phases, the contracting phase,
the bouncing phase and the expanding phase, they are connected by the matching condition
that h and h′ are always continuous. A bounce model demands that at the bounce point
the total energy density equals zero and the NEC is violated. Both of these conditions can
be satisfied by the competition between ρk and a negative ρe (also pk and pe) in our model.
Near the bounce point, both ρk and ρe are much larger than ρp, that is to say the Higgs
potential is irrelevant to the existence of a cosmological bounce. We find that a λh4 potential
together with a Coleman-Weinberg one-loop effective potential as a inflationary model can
not generate the observed value for ns , so our model must be a oversimplified type of Higgs
Bounce Inflation model. In our future work, we must analyze the Higgs effective potential
thoroughly to use the Higgs Bounce Inflation model to explain the observational data.
We have not started cosmological perturbations in our model. However, as which ob-
tained in [36], for the small scale perturbation modes, the scalar and tensor power spectrum
should be similar to the standard Higgs inflation models. Corrections will arise on large scale
modes, but as long as they don’t exit the horizon in contracting phase, corrections might
only be some oscillating wiggles. For very large scale modes which exit the horizon before
the bounce, the spectrum will get blue-tilted, which might be responsible for the small-l sup-
pression observed in the CMB TT spectrum. So we can see both the fast-roll phase before
the slow-roll inflation, and the cosmological contraction phase, could shed light on this small
l anomaly. We will investigate the detailed calculations of this model in our future work.
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